Measuring the pressure of a pressure vessel accurately is one of fundamental requirements of the operation of many complex engineering systems. Ultrasonic technique has been proposed to be a good alteration of non-intrusive measurement. Based on the study of acoustoelastic effect and thin-shell theory, it has been identified that the travel-time changes of the critically refracted longitudinal wave (L CR wave) and other reflected longitudinal waves are all proportional to the inner pressure. Considering the information redundancy in these waves, we proposed an approach for pressure measurement by using the information fusion algorithm on multiple reflected longitudinal waves. In the paper, we discussed the fusion algorithm in details and proposed a pressure measurement model, which represents an accurate relationship between the pressure and the travel-time changes of multiple waves. Through the experiment, the analysis of data collected from experiment system showed that the pressure measurement based on the multi-wave model is notably more accurate than the one based on the single-wave model (the average relative error (ARE) can be less than 7.24% and the root-mean-square error (RMSE) can be lower than 0.3MPa).
Introduction
Pressure vessel is one of most commonly used components in many complex engineering systems. It is one of fundamental requirements to be able to accurately measure the inner pressure of a closed container so that we can adequately monitor and control the system's operating environment. Furthermore, we often need to deduct other important information from the pressure measurement, e.g. leakage.
Traditionally, the pressure can be measured via intrusive method, i.e. drilling holes on the vessel's wall and mounting the measuring instrument inside. This method can provide a certain level of accuracy in the measurement. However it will usually change the structural integrity of the vessel, and also often increase the difficulty and cost of the vessel's maintenance. In some circumstance, a non-intrusive method is more attractive. So far, there are many approaches of non-intrusive measurement have been proposed, for example, the strain gauge method [1] and capacitor method [2] . All these non-intrusive measurement methods can solve some problems, but there is always a space for the improvement, in terms of applicability, accuracy, and lower cost etc.
Ultrasonic technique, as a nondestructive testing method, has been widely adopted in the stress measurement [3] [4] [5] [6] and defect detection [7] [8] [9] [10] . In the field of pressure measurement, Guers et al. [11] have established the relationship between the amplitude of reflected ultrasonic wave and the pressure, and measured the pressure by computing the reflected ultrasonic signals from the fluid-vessel interface. Zhang et al. [12, 13] have analyzed the acoustoelastic effect in the thin-walled vessels and proposed a method of pressure measurement based on the observation that the propagation velocity of the ultrasonic wave is usually influenced by the stress on the vessel wall. In our previous research [14] , we identified that the surface wave and the critically refracted longitudinal wave (L CR wave) are all susceptible to the roughness of the vessel's outer surface. Instead of measuring L CR wave, we concluded that the signal-to-noise ratio (SNR) and the sensitivity in the measurement can be significantly improved by taking the reflected longitudinal waves into the measurement. However, it has been widely discussed, e.g., in [6, 15, 16] , that some environmental factors, mainly the temperature, can significantly influence the acoustoelastic effect of the ultrasonic waves, which will result in low accuracy in pressure measurement.
The ultimate goal of our research is to improve the accuracy of the ultrasonic measurement approach.
In order to improve the measurement accuracy, we concluded in previous research that it is necessary to be able to detect the surface wave, L CR wave and the reflected longitudinal waves so that the time that all these waves travel from the transmitter to the receiver can be measured, then the travel-time changes caused by the pressure can be computed. However, the changes of travel-time are too small to be measured precisely due to the receiver's sensitivity. In order to solve the problem, we proposed a new pressure measurement model based on the information fusion of measuring multiple waves, including the L CR wave and the reflected longitudinal waves. The measurement model reflects the relationship between the pressure and the travel-time change of these multiple waves. Through the experiment, we were able to demonstrate that our model can effectively improve the measurement accuracy without the need to measure the temperature.
Generation of the multiple waves in the vessel wall
As shown in Fig. 1 , when the longitudinal wave is incident from the polymethyl methacrylate (PMMA) wedge to the outer wall of pressure vessel with the first critical angle (α), waveform transformation will happen at the interface. The refracted longitudinal wave and refracted shear wave will be generated. Based on the Snell's Law(as described in Eq.(1)) [17] ，the refracted angle of the refracted longitudinal wave was 90°. 
ν is the velocity of longitudinal wave in PMMA wedge and in the vessel wall, respectively. ν is the velocity of shear wave in the vessel wall. α , γ is the incident angle and refracted angle of longitudinal wave, respectively. And β , is the refracted angle of refracted shear wave.
The generated longitudinal wave is called the critically refracted longitudinal wave (L CR wave). L CR wave has been widely adopted in the stress measurement [3] [4] [5] . The L CR wave propagates along the outer wall and is received by the receiving probe. The penetration depth of L CR wave is between 1.5 and 1.8
wavelengths [18] . So the surface roughness of the vessel wall affects the propagation of L CR wave greatly.
The refracted shear wave with the refracted angle (β) will reach the inner wall, where waveform transformation will happen again and generate the first inner reflected longitudinal wave (Lre-I1 st ) and the first reflected shear wave (Sre-1 st ), as shown in Fig. 1 st wave is definite, so is that between the neighboring reflected longitudinal waves. The time interval can be described as:
where d is the thickness of the vessel wall, β is the refracted angle of the shear wave propagating inside the wall, S C and L C are the speeds of the shear wave and longitudinal wave in the pressure vessel, respectively. As developed by Hughes and Kelly [19] , the relationship between the wave speeds and the strain in the pressure vessel obeys the following expressions:
where AA V is the longitudinal wave velocity along the axial direction of the pressure vessel wall. A ε , R ε and C ε are the strains along the axial, radial and circumferential directions of the vessel wall, respectively. 0 ρ is the initial density of the pressure vessel. and are the second-order elastic constants, while l , m , and n are the third-order elastic constants.
According to the Hooke's Law, relationships between the strain components in three orthogonal directions and stress can be derived as:
where E is the elasticity modulus of vessel material, is the Poisson's ratio, and C σ are the axial stress and the circumferential stress, respectively. Based on the thin-shell theory [20] , the stress field in the vessel wall is two-dimensional, including the stress in the axial direction and that in the circumferential direction, as described by:
where p is internal pressure of the vessel, R is the average radius of the vessel, and d is the thickness of the vessel wall. Besides, the speed of the longitudinal wave can also be described by: With the Eqs. (3)- (11), the relationship between the pressure and the travel-time change of longitudinal wave can be derived as:
where p is the pressure change, L t Δ is the travel-time changes of the longitudinal wave (
and 1 L is the acoustoelastic constant for the longitudinal wave, as given by:
The L CR wave is a special longitudinal wave that propagates along the outer wall, so Eq. (13) is also applicable for the L CR wave. Obviously, the travel-time change of L CR wave is proportional to the pressure change.
Relationship between the pressure and the travel-time change of reflected longitudinal waves
As analyzed in Sec. 2, the reflected longitudinal wave along the outer wall is generated by the reflected shear wall in the wall. So it is necessary to obtain the model between the pressure and the traveltime change of reflected shear wave. Like the longitudinal wave, the model can be developed by:
where 
2 L is the acoustoelastic constant for the reflected shear wave, as given by:
The travel-time change of the reflected longitudinal wave ( Lre t Δ ) consists of two parts. One part is the travel-time change of the shear wave reflected inside the vessel wall. The other is the travel-time change of the longitudinal wave propagating along the outer wall. Therefore, Lre t Δ can be given by:
Eq. (16) shows that, like the L CR wave, the travel-time change of the reflected longitudinal wave is proportional to the pressure change, too.
Pressure measurement model with temperature compensation based on a single wave
Temperature is an important factor for ultrasonic measurement technique [6, 15, 16] . Some parameters in Eq. (12) and Eq. (16), such as 1 L and 2 L , are affected by the temperature. In practical application, the relationship between the pressure and the travel-time change of L CR wave (the reflected longitudinal waves) can be described by [21] :
T T T Δ = − ).T and 0
T are the measured temperature and the reference temperature, respectively. With Eq. (17)- (18), the pressure measurement model based on a single wave (L CR wave or the reflected longitudinal wave) with temperature compensation can be derived as:
With Eq. (19) or Eq. (20), the pressure measurement can be implemented by measuring the traveltime change and the temperature change. However, the pressure measurement accuracy is overly dependent on the accuracy of travel-time and the stability of the temperature. Hence, it is very difficult to achieve high measuring accuracy.
Pressure measurement method based on multi-waves fusion algorithm
Eq. (17)- (18) shows that both the travel-time change of the L CR wave and reflected longitudinal waves change linearly with the pressure and temperature. Considering the information redundancy among those waves, it is possible to improve the measuring accuracy by the fusion algorithm. Therefore, a new method based on multiple waves is proposed, as described by:
where N is the total number of the receiving reflected longitudinal waves, which is determined by the distance between the transmitting probe and receiving probe. 0 A ( n A ) is the travel-time coefficient of L CR wave (the nth reflected longitudinal wave), and B is the temperature coefficient.
With Eq. (21), it is obvious that the pressure measurement accuracy does not merely depend on the travel-time change of a single wave. Even though the travel-time change of someone has a certain error, it will not affect the measurement accuracy seriously. Therefore, Eq. (13) can improve the measureing accuracy to some extent. However it is still affected by the temperature change. Actually, according to Eq. (17)- (18), the travel-time change of each wave contains the information of temperature change. So the pressure measurement model can be developed by:
In the following sections, experiments will be carried out to test the performance of the pressure measurement model described in Eq. (22).
Experiment system
As shown in Fig. 3 , the experiment system consists of seven parts: pressure test pump, pressure vessel, biochemical incubator, ultrasonic probes, ultrasonic exciting circuit, high-speed acquisition system and computer. In order to reduce the influence of temperature, the dual-receivers mode was adopted [14] , which means three probes are arranged in the axial direction of the vessel, including one transmitter (T) and two receivers (R1, R2).
Fig. 3. Experiment system
The pressure test pump is utilized to change the internal pressure, which can be measured by the manometer with the full scale of 16 MPa and the maximum fiducial error of 0.4%. The ultrasonic signal is excited by the ultrasonic exciting circuit and received by the high-speed acquisition system with the sample rate of 20 GHz. The biochemical incubator is used to control the environment temperature. Besides, a computer is used to obtain the travel time between R1 and R2 by correlation algorithm.
In order to validate the feasibility of the method, two pressure vessels with different materials are tested, labeled as pressure vessel-I (PV-I) and pressure vessel-II (PV-II). The experiment parameters are 9 shown in Table 1 , where the T-R1 is the distance between the probe T and R1, and so on. To avoid the stress concentration and boundary effect, the probes are arranged in the central area of the pressure vessel. 
Experiment results and discussion

Selection of the object waves
In the dual-receivers mode, both the probe R1 and R2 will receive a series of waves. Selecting waves that have a high SNR as object waves is beneficial to improve measuring accuracy of the travel-time between R1 and R2. Table 2 . The results show that the travel-time of each wave changes linearly with temperature in both pressure vessels, which is consistent with Eq. (17)- (18). (12) and Eq. (14) . And the fitting results are shown in Table 3 . It can be seen that the relationship between the travel-time change and the pressure remained appropriately invariable at different temperatures for each wave. Similar experiments are carried out in PV-II. The results are shown in Fig. 7 . The temperature ranges from 20.4°C to 38.3°C. And the reference temperature and reference travel-time of multiple waves are shown in Table 2 . The fitting results are shown in Table 4 . After analysis, same conclusions can be obtained in PV-II. 
Fig. 7. Travel-time changes of multiple waves with pressure at different temperatures in PV-II
Pressure measurement models based on different waves
To determine the coefficients in Eqs. (19)- (22), multiple linear regression analysis is employed in this work [22] . For the PV-I, the training data sets are shown in Fig.6 . The possible pressure measurement models based on a single wave can be derived by:
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where th wave and Lre-5 th wave in PV-I, respectively. The pressure measurement models based on multiple waves and temperature change in PV-I is derived by: 
The final measurement models based on multiple waves in PV-I is derived by: 
For the PV-II, the analysis data sets are shown in Fig. 7 . The similar measurement model based on different waves can also be developed by multiple liner regression analysis, and the details are not given any more.
Experiment results for pressure measurement
In order to evaluate the performance of the different models described in Sec. 5.3, the average relative error (ARE), the root-mean-square error (RMSE) and correlation coefficient (r) are introduced, which can be described by: x ( i x ) is the average of the measured value (the true value), n is the number of measurement.
In the PV-I, the number of test data for each wave is 12 with the pressure ranged from 1.1MPa to 6MPa and the temperature ranged from18.9°C to 32.9°C. In the PV-II, the number of test data is 42 with the pressure ranged from 1MPa to 6MPa and the temperature ranged from16.2°C to 35.9°C. The test results are shown in Table. 5. The results validated the feasibility of the pressure measurement model based on multiple waves. Compared with the measurement model based on a single wave, which is easily affected by the temperature, the measurement model based on multiple waves can achieve the pressure measurement with the ARE less than 7.24% and the RMSE within 0.3MPa. 
Discussion
The selection of object waves is critical to the accuracy of the pressure measurement model. In the dual- 
Conclusion
In this paper, we proposed a non-intrusive method for pressure measurement based on multiple waves. Both the theoretical analysis and experiment results show that the travel-time of L CR wave and reflected longitudinal waves respectively changes linearly with the pressure and temperature. Considering the information redundancy among the travel-time change of these waves, the fusion algorithm is adopted to establish the pressure measurement model, which describes the relationship between the pressure and the travel-time changes of L CR wave and that of reflected longitudinal waves.
With the dual-receivers mode, the measurement system is constructed to validate the feasibility and effectiveness of the new pressure measurement model. Compared with the pressure measurement model based on a single wave, the multi-wave model can effectively improve the measurement accuracy.
Experiment shows that the new method can implement the pressure measurement with the ARE less than 7.24% and the RMSE within 0.3MPa. Furthermore there is no need to measure the temperature using this method, which can effectively minimize the temperature influence and simplify the measurement system.
Overall we can conclude from our research that:
(1) The travel-time change of L CR wave and reflected longitudinal waves respectively varies linearly with the pressure and temperature.
(2) A multi-wave pressure measurement model with the fusion algorithm is proposed, which is able to adequately describe the relationship between the pressure and the travel-time changes of L CR wave and that of reflected longitudinal waves.
(3) In the experiment we have demonstrated that the pressure measurement based on the multi-wave model is notably more accurate than the one based on the single-wave model (ARE is less than 7.24%
and RMSE is lower than 0.3MPa).
(4) Last but not least, the multi-wave model can cancel the influence of the temperature. It can effectively minimize the temperature influence and simplify the measurement system. The travel-time change induced by pressure is very small. Increasing the sample rate and using the averaged travel-time change of repeated measurement can improve the measurement accuracy further.
